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Epithelial cells arepolarizedwithin theapico-basal andplanar axes. The latter—planar cell polarity—requires
long-range regulation of orientation as well as short-range, cell-to-cell realignment through feedback loops.
New insights into the long-range, gradient-type regulation reveal how a kinase translates the morphogen
gradient input into cellular orientation.Epithelial cells are polarized within the
apico-basal axis and within the plane of
the epithelium, the latter being termed
planar cell polarity (PCP). Each cell within
the sheet is itself polarized, for instance in
the proximo-distal axis of the Drosophila
wing, and this polarity is coordinated with
theoverall polarity of the tissue. In thecase
of the fly wing, polarity is manifested
through the individual actin-rich wing
hairs that point distally (Figure 1A).
PCP is generated through heterophilic
interactions of two sets of transmembrane
proteins: the Frizzled–Vang–Flamingo
system (Fz–Vang–Fmi), also called the
‘core’ pathway; and the Fat–Dachsous
(Ft–Ds) system (Figure 1B,C) [1]. In both
cases, asymmetric intermolecular
complexes form with one component
being localized to the distal side of a cell
and interacting with its partner on the
proximal side of the apposing cell: Fz with
Vang, and Ds with Ft, respectively. The
long-range co-ordination across a whole
tissue of cell–cell asymmetrical protein
distribution and intracellular PCP
manifestation has only recently begun
to be addressed. In a recent article
published in eLife, Hale et al. [2] set out
to demonstrate how the graded
phosphorylation of Ft and Ds by the
Golgi-resident kinase Four-jointed (Fj)
regulates the Ft–Ds interaction and the
planar-polarized accumulation of Ft–Ds
complexes across the entire wing.
Ft andDs are large proto-cadherins that
coordinate planar polarity and — through
an as yet unknown mechanism — link
polarized membrane complexes to the
cytoskeleton [3]. Fj is a kinase that is active
in the Golgi and phosphorylates the
extracellular cadherin domains of both FtR372 Current Biology 25, R362–R383, May 4and Ds [4]. In vitro and cell culture studies
have shown that phosphorylation by Fj
has opposing effects on Ft and Ds:
phosphorylated Ds has reduced affinity
for Ft and phosphorylated Ft has
increased affinity for Ds [5,6]. On a tissue
level,Ds andFj areexpressed in reciprocal
gradients within the developing wing such
that, in the presumptive proximal area,
Ds is high and Fj is low, and at the distal
area the situation is reversed (Figure 1C).
On a cellular level, Ds accumulates on
the distal side and Ft on the proximal
side of any given cell. Exactly how the
complementary expression patterns of
Ds and Fj expression cause asymmetric
accumulation of Ft–Ds within a cell is
unclear, although previous studies
suggested that there is a gradient of Ft–Ds
dimer formation across the tissue [7]. In
their recent work, Hale et al. [2] used
a combination of in vivo imaging and
computational methods to demonstrate
that the Ft–Ds binding gradient can be
explained by the graded activity of Fj
and that this is sufficient to propagate
the polarization of complexes across the
whole tissue.
Based on previous data from cell
culture and overexpression studies, the
authors used computational modelling to
generate predictions about the stability
of Ft–Ds complexes that they then tested
in vivo. As a measure of stability, they
monitored fluorescence recovery after
photobleaching (FRAP), the basic idea
being that theproteins in stable complexes
are less mobile and so when they are
bleached there is less interchange with
unbleached proteins from elsewhere in the
cell, and so the fluorescence signal does
not return to its pre-bleach level: the, 2015 ª2015 Elsevier Ltd All rights reservedgreater the mobility and therefore the
greater the level of protein exchange,
the higher the level of recovery of the
fluorescence signal. The authors elegantly
use endogenously tagged Ft and Ds
proteins to be sure to investigate how Fj
functions in vivo, rather than interpreting
an artificial expression system with all
its caveats [2]. Analysis of endogenous
protein dynamics revealed a stable pool
of Ft and Ds present in puncta at cell
junctions, as well as a more dynamic pool
that is also found at junctions. The effect of
Fj on Ft and Ds binding affinities was then
analyzed and it was found that, in a fj
mutant background, Ft–Ds complexes are
less stable. Thus, the effect of Fj on Ft is
dominantandFjhasanetpositiveeffect on
Ft–Dsbinding. Expression ofmutant forms
of Ft or Ds in which the Fj phosphorylation
sites were mutated confirmed this result,
with the Ds mutant being more stable
and the Ft mutant less so. One thing
that remains unclear is how Fj exerts
a differential effect on Ft and Ds. Fj
phosphorylates analogous serine residues
within sub-regions of the cadherin repeats
of both Ft and Ds. As this phosphorylation
inhibits the binding affinity of Ds for Ft
but has the opposite effect on Ft, it is
possible that phosphorylation induces a
conformational change in the extracellular
region that differentially alters the affinity of
Ft and Ds for each other.
An interesting point that follows on from
previous data and is clarified here is how
relatively small the protein asymmetries
can be, so feedback mechanisms and
additional inputs must presumably be
required to reliably reproduce the Ft–Ds
polarity both within each cell and from
animal to animal. For instance, Fj activity
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Figure 1. Schematics of long-range planar
cell polarity regulation.
(A) Schematic of planar cell polarity in the
Drosophila adult wing. Each epithelial cell
produces an actin-rich hair that points distally.
(B) Top: Long-range patterning of the ‘core’
pathway. Frizzled (Fz) and Van Gogh (Vang)
show uniform, non-graded expression, but their
ligand–receptor interaction is modulated by the
Wg/dWnt4 gradient (direct binding of Wnts to
Fz; represented by straight arrows) leading to
a polarized field. Bottom: The cell senses the
direction of the Wnt gradient by the relative
amount of Wnt available to Fz setting up the
axis of Fz–Vang binding. Flamingo (purple) is
also critical for the Fz–Vang interaction. (C) Top:
Long-range patterning of the Fat–Dachsous
(Ft–Ds) pathway is dependent on the graded
expression of Ds and Four-jointed (Fj); Ft
expression is not graded. Wg acts via the
canonical Wnt pathway to regulate graded Fj
and Ds transcription (curved arrows represent
transcriptional activation or repression of the Wg
targets). Bottom: The cell senses the gradient of
Ft and Ds phosphorylation with Ds accumulating
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asymmetry across an individual cell [2],
and previous reports suggested that the
changes in polarity that result from
manipulating Ds expression can only be
propagated over the distance of a few
cells [8,9]. Coupled with this is the fact
that, although fj clones can reorient the
polarity of a tissue near clone borders,
the fj null phenotype shows basically
wild-type planar polarity [10], and uniform
(i.e. non-graded) expression of Ds in a ds
or ds, fj mutant background can rescue
polarity in the wing [11,12]. Despite its
clear effect on Ds–Ft binding, Fj appears
to be somewhat redundant with other
positive-feedback mechanisms that must
help to reinforce small asymmetries and
lead to the robustness seen in PCP at
the tissue level. One such mechanism
may be the amplification of Ft–Ds polarity
by the ubiquitin ligase FbxL7, which
co-operates with Ft in localizing Ds and
the downstream component Dachs to
the opposite side of the cell [13,14].
The core pathway is better understood
in terms of how feedback mechanisms
can amplify the initial asymmetry and
result in asymmetries of Fz and Vang that
are significantly higher than two-fold
across a given cell. The Wnt ligands Wg
and dWnt4 serve as a polarizing cue by
binding to the Fz extracellular domain
and modulating Fz–Vang intercellular
interactions [15]. Wg and dWnt4 are
expressed at the presumptive distal area
of the wing, and thus, in a given cell, Vang
localizes to the proximal side where it is
better able to bind to Fz on the distal
side of the neighboring cell (Figure 1B).
Fmi–Vang complexes can recruit the
intracellular effector Prickle (Pk) and
Fmi–Fz complexes recruit Dishevelled
and Diego (Dsh and Dgo); interactions
between Pk, Dsh and Dgo then reinforce
the initial Fz–Vang asymmetry [16].
How could these polarity systems
be coordinated across whole tissues?
Genetic data strongly argue that the
Ds–Ft and Fz–Vang systems are
independent and act in parallel [1],
despite early suggestions that Ds–Ft
signaling occurs upstream of the core
system. However, recent results have
started to suggest that the two systemson the distal side of the cell and forming
intercellular complexes with Ft on the proximal
side of the neighboring cell.
Current Biology 25, R362–R383, May 4, 2015 ªare more closely linked. Hale et al. [2] add
to the body of data showing that the
gradients of Ds and Fj transcription are
sufficient to propagate Ft–Ds asymmetry
in the wing and eye, but this raises the
question of which factors are responsible
for the graded expression. One such input
is the morphogen Wg, which acts via
canonical Wnt signaling to regulate
gradient-type transcription of Ds and Fj
[10,12]. Thus, in an intertwining of the two
PCP systems, Wg is a polarizing cue for
both pathways, it impacts the core PCP
factors by direct binding to Fz (thereby
modulating the Fz–Vang interaction)
and it regulates the Ds–Ft system
transcriptionally via canonical signaling
(including the transcriptional gradient of Fj
expression!). So, in other words, Wg (and
dWnt4) are the long-range regulators of
PCP. The connections between the two
systems probably occur at multiple levels.
For example, Ds–Ft activity orients
microtubules and thus participates in Fz
and Dsh trafficking to the distal side of
a cell to reinforce initial polarity [17,18].
Also, Pk isoforms have recently been
shown to couple Ds–Ft to the core system
at late stages of PCP reinforcement by
‘interpreting’ the Ds–Ft gradient to orient
microtubules [19,20]. The new work from
Hale et al. [2], together with other recent
studies, therefore reveals that the Ds–Ft
and Fz–Vang PCP systems seem to be
much more intertwined than originally
assumed and, importantly, that they are
both ‘oriented’ by Wnt signals.REFERENCES
1. Lawrence, P.A., Struhl, G., and Casal, J.
(2007). Planar cell polarity: one or two
pathways? Nat. Rev. Genet. 8, 555–563.
2. Hale, R., Brittle, A.L., Fisher, K.H., Monk, N.A.,
and Strutt, D. (2015). Cellular interpretation of
the long-range gradient of Four-jointed activity
in the Drosophila wing. eLife 4, http://dx.doi.
org/10.7554/eLife.05789.
3. Harumoto, T., Ito, M., Shimada, Y., Kobayashi,
T.J., Ueda, H.R., Lu, B., and Uemura, T. (2010).
Atypical cadherins Dachsous and Fat control
dynamics of noncentrosomal microtubules in
planar cell polarity. Dev. Cell 19, 389–401.
4. Ishikawa, H.O., Takeuchi, H., Haltiwanger,
R.S., and Irvine, K.D. (2008). Four-jointed is a
Golgi kinase that phosphorylates a subset of
cadherin domains. Science 321, 401–404.
5. Brittle, A.L., Repiso, A., Casal, J., Lawrence,
P.A., and Strutt, D. (2010). Four-jointed
modulates growth and planar polarity by
reducing the affinity of dachsous for fat. Curr.
Biol. 20, 803–810.2015 Elsevier Ltd All rights reserved R373
Current Biology
Dispatches6. Simon, M.A., Xu, A., Ishikawa, H.O., and Irvine,
K.D. (2010). Modulation of fat:dachsous
binding by the cadherin domain kinase
four-jointed. Curr. Biol. 20, 811–817.
7. Lawrence, P.A., Struhl, G., and Casal, J.
(2008). Do the protocadherins Fat and
Dachsous link up to determine both planar cell
polarity and the dimensions of organs? Nat.
Cell Biol. 10, 1379–1382.
8. Ambegaonkar, A.A., Pan, G., Mani, M., Feng,
Y., and Irvine, K.D. (2012). Propagation of
Dachsous-Fat planar cell polarity. Curr. Biol.
22, 1302–1308.
9. Brittle, A., Thomas, C., and Strutt, D. (2012).
Planar polarity specification through
asymmetric subcellular localization of Fat and
Dachsous. Curr. Biol. 22, 907–914.
10. Zeidler, M.P., Perrimon, N., and Strutt, D.I.
(1999). The four-jointed gene is required in the
Drosophila eye for ommatidial polarity
specification. Curr. Biol. 9, 1363–1372.
11. Matakatsu, H., and Blair, S.S. (2004).
Interactions betweenFat andDachsous and theR374 Current Biology 25, R362–R383, May 4regulationofplanar cell polarity in theDrosophila
wing. Development 131, 3785–3794.
12. Simon, M.A. (2004). Planar cell polarity in
the Drosophila eye is directed by graded
Four-jointed and Dachsous expression.
Development 131, 6175–6184.
13. Bosch, J.A., Sumabat, T.M., Hafezi, Y., Pellock,
B.J., Gandhi, K.D., and Hariharan, I.K. (2014).
The Drosophila F-box protein Fbxl7 binds to
the protocadherin fat and regulates Dachs
localizationandHipposignaling. eLife3, e03383.
14. Rodrigues-Campos, M., and Thompson, B.J.
(2014). The ubiquitin ligase FbxL7 regulates
the Dachsous-Fat-Dachs system in
Drosophila. Development 141, 4098–4103.
15. Wu, J., Roman, A.C., Carvajal-Gonzalez, J.M.,
and Mlodzik, M. (2013). Wg and Wnt4 provide
long-range directional input to planar cell
polarity orientation in Drosophila. Nat. Cell
Biol. 15, 1045–1055.
16. Jenny, A., Reynolds-Kenneally, J., Das, G.,
Burnett, M., and Mlodzik, M. (2005). Diego and
Prickle regulate Frizzled planar cell polarity, 2015 ª2015 Elsevier Ltd All rights reservedsignalling by competing for Dishevelled
binding. Nat. Cell Biol. 7, 691–697.
17. Matis, M., Russler-Germain, D.A., Hu, Q.,
Tomlin, C.J., and Axelrod, J.D. (2014).
Microtubules provide directional information
for core PCP function. eLife 3, e02893.
18. Shimada, Y., Yonemura, S., Ohkura, H., Strutt,
D., and Uemura, T. (2006). Polarized transport
of Frizzled along the planar microtubule arrays
in Drosophila wing epithelium. Dev. Cell 10,
209–222.
19. Ayukawa, T., Akiyama, M., Mummery-Widmer,
J.L., Stoeger, T., Sasaki, J., Knoblich, J.A.,
Senoo,H., Sasaki, T., andYamazaki,M. (2014).
Dachsous-dependent asymmetric localization
of spiny-legs determines planar cell polarity
orientation in Drosophila. Cell Rep. 8, 610–621.
20. Olofsson, J., Sharp, K.A., Matis, M., Cho, B.,
and Axelrod, J.D. (2014). Prickle/spiny-legs
isoforms control the polarity of the apical
microtubule network in planar cell polarity.
Development 141, 2866–2874.Neural Coding: Time Contraction and Dilation in the
StriatumHelen Motanis and Dean V. Buonomano*
Departments of Neurobiology and Psychology, Integrative Center for Learning andMemory, Brain Research Institute, University of California,
Los Angeles, CA 90095, USA
*Correspondence: dbuono@ucla.edu
http://dx.doi.org/10.1016/j.cub.2015.02.057
How the brain encodes time is poorly understood. New research on rats provides evidence that striatal
neurons encode time, and that the code can dilate or contract to time different intervals.The brain is a time machine, of sorts. It
is always attempting to predict the future.
At this moment you are automatically
predicting the next word in this... And
given the dynamic nature of the world,
the ability to tell time and process
temporal information is critical for motor
coordination, sensory processing, and
the ability to anticipate environmental
events.
Despite the fundamental importance of
timing to brain function, relatively little is
known about how the brain tells time on
the scale of milliseconds to seconds [1,2].
In this issue ofCurrent Biology, Mello et al.
[3] examine how the brain encodes time
on the scale of seconds to a minute. This
is the scale, sometimes referred to as
interval timing, on which animals time
their actions to prepare for expectedevents. Rats, for example, learn to press a
lever at times that reflect timing of reward
availability [4]. Bees keep track of the
amount of time since they last extracted
pollen from a flower in order to optimize
foraging [5]. And humans automatically
anticipate when a traffic light will switch
from red to green.
Mello et al. [3] used a variant of the fixed
interval task, in which a reward becomes
available T seconds after the onset of a
trial, provided that the rat presses a lever.
The beginning of the trial was defined as
the time of the previous reward. T was
varied in a block fashion over intervals of
12 to 60 seconds. On a given trial, a rat
would generally start pressing the lever,
and continue to do so at a more or less
constant rate until given the reward.
Analysis of the mean press start timeswithin a block showed a progressive
increase from approximately 8 to
20 seconds, over the 12 to 60 second
fixed interval range. Thus, consistent with
previous results, rats adjusted the timing
of their actions according to the fixed
interval T.
Based on results of
electrophysiological, pharmacological,
lesion and imaging studies, the basal
ganglia is perhaps the structure that has
most strongly been implicated in timing
in the range of seconds [1,6]. For this
reason, Mello et al. [3] recorded from the
striatum during their serial fixed interval
task. Unlike in previous studies, the
behavioral design was devised to answer
a fundamental question about the nature
of the temporal code: is time encoded in
an absolute or relative fashion (Figure 1).
